We have studied trehalose uptake in Salmonella typhimurium and the possible involvement of the phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) in this process. Two transport systems could recognize and transport trehalose, the mannose PTS and the galactose permease. Uptake of trehalose via the latter system required that it be expressed constitutively (due to a galR or gaiC mutation). Introduction of a ptsM mutation, resulting in a defective IIManjIIIjIi system, in S. typhimurium strains that grew on trehalose abolished growth on trehalose. A ptsG mutation, eliminating IIGIc of the glucose PTS, had no effect. In contrast, a crr mutation that resulted in the absence of 111GIc of the glucose PTS prevented growth on trehalose. The inability of crr and also cya mutants to grow on trehalose was due to lowered intracellular cyclic AMP synthesis, since addition of extracellular cyclic AMP restored growth. Subsequent trehalose metabolism could be via a trehalose phosphate hydrolase, if trehalose phosphate was formed via the PTS, or trehalase. Trehalose-grown cells contained trehalase activity, but we could not detect phosphoenolpyruvate-dependent phosphorylation of trehalose in toluenized cells.
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The phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PT$) catalyzes the transport and concomitant phosphorylation of a large number of carbohydrates in a variety of bacteria. The system has been studied in most detail in the members of the family Enterobacteriaceae, e.g., Escherichia coli and Salmonella typhimurium. More than 10 different sugar-specific, membrane-bound enzymes II pf the PTS have been identified. Together with the general, cytoplasmic proteins enzyme I and HPr and (in a number of cases) sugar-specific enzymes III, the enzymes II catalyze carbohydrate uptake and phosphorylation. For (8) . In Klebsiella aerogenes, lactose uptake can be catalyzed both via the PTS and via a non-PTS lactose permease (5) . Recently, it was suggested that cellobiose uptake in Erwinia chrysanthemi is also PTS mediated (1). Finally, trehalose (1-O-a-D-glucopyranosyl-cx-D-glucopyranoside) uptake has been studied in Vibrio parahaemolyticus and S. typhimurium. In V. parahaemolyticus in particular it was shown that mutants defective in PTS-mediated glucose uptake due to the absence of a protein that resembles IIIGlc were unable to take up trehalose as well (6) . An enzyme II specific for trehalose was proposed (7) . Although trehalose uptake has also been studied in S. typhimurium, no such specific proposal was made for this organism (9 
(SB3507) TnlO These results prompted us to study which PTS, if any, is responsible for trehalose transport in S. typhimurium. crr: :TnJO mutants of S. typhimurium, which lack lIIGlC completely, were unable to grow on trehalose (Table 2) .
Similar results were obtained with ptsHl deletion mutants, which lack enzyme I and HPr (Table 2) . Although these results suggested that trehalose is taken up via IIG1c/IIIG1c of the PTS, a subsequent observation argued against this conclusion.
It is known that crr and ptsH and ptsl mutations affect adenylate cyclase activity and 3',5'-cyclic AMP (cAMP) synthesis adversely (14) . Conceivably, synthesis of the enzyme(s) involved in trehalose or trehalose phosphate metabolism required cAMP. Addition of cAMP to a crr::TnJO strain (PP1373) restored growth on trehalose ( To investigate further the requirement for cAMP for growth on trehalose, we tested cya and crp strains (PP1415 and PP1416, respectively). Both were unable to grow on trehalose, but cAMP stimulated growth of the cya strain PP1415.
Together, these results ruled out that IIIGIC of the glucose PTS is essential for trehalose uptake. Rather, the lowered cAMP synthesis in crr strains prevented growth on trehalose. This conclusion was strengthened by the observation that introduction of a ptsG::TnJO mutation, which results in the absence of IIGIc (13) , also did not affect growth on trehalose (Table 2, PP1139) .
Trehalose and enzyme 11Man. Glucose can be taken up by the PTS via two systems, 1jGIc,111Glc and IlMan/l1lMan (4, 14) . Since the first system did not seem to be involved in trehalose uptake, we tested the mannose PTS. The presence of a ptsM mutation, resulting in defective mannose uptake and phosphorylation, eliminated growth on trehalose (Table 2, PP1456). The corresponding ptsM+ strain grew on trehalose and mannose, with generation times of 180 and 90 min, respectively.
Transport studies (Table 3) showed that the absence of mannose and 2-deoxyglucose transport in the ptsM strain PP1456 correlated with the inability to grow on trehalose. The isogenic ptsM+ strain PP1455 exhibited normal transport and grew well on trehalose. Transport via IIG1c/IIIGlc, as measured with methyl-a-glucoside, was normal in these strains.
These results with a ptsM strain (lacking l1Man) and the ptsG strain PP1139 (lacking IIGIc) are important for two reasons. First, they eliminated the possibility that trehalose was split in the periplasmic space by a trehalase (see below) and that the resulting glucose was subsequently taken up. PP1456 lacked only the mannose PTS and grew normally on glucose via IIGIc/IIIG1c, but was unable to grow on trehalose.
Second, they show that IlMan is involved in trehalose uptake in S. typhimurium. This is supported by the observation that uptake of 14C-labeled 2-deoxyglucose (which at 0.5 mM is specifically taken up via IlMan [22] ) was inhibited by approximately 50% in trehalose-grown SB3507 cells by the addition of 5 mM unlabeled trehalose (data not shown).
Isolation of mutants unable to metabolize trehalose. Mutants unable to grow on trehalose (Tre-) were isolated by penicillin selection from PP799. Whereas a number of these mutants showed a pleiotropic phenotype due to mutations in ptsI or some glycolytic enzymes such as fructose 1,6-diphosphate aldolase (fda), one strain, PP1364, was only defective in growth on trehalose (Table 2) . Transport via the glucose PTS and the mannose PTS was intact (Table 3) . Possibly this mutant was defective in trehalase (see below and Table 4 ).
A mutant with a TnJO insertion in tre was obtained from J.
Roth (TT1518), but the Tre-phenotype of this strain was dependent on the background. After transduction of the tre::TnJO mutation into SB3507 by selecting for tetracycline resistance, all transductants were able to grow on trehalose. It was also possible to obtain Tre+ revertants of TT1518. In all cases, the strains remained resistant to tetracycline.
Finally, we have noted that various strains of S. typhimurium grow very slowly or not at all on trehalose, for instance NK186 (cysA1539::TnJO). In this case Tre+ revertants could also be obtained easily. We do not know where this mutation is localized, but it is not linked to ptsM.
Transport of trehalose via the galactose permease. As mentioned above, ptsHI deletion mutants of S. typhimurium did not grow on trehalose (Table 2, PP801). Suppressor mutations could be obtained at a low frequency (approximately 10-9) in such ptsHl deletion strains (which already contained a galP+ allele), however, that restored growth on trehalose (e.g., PP1366, Table 2 ). The doubling time on 1% trehalose was 174 min; on 0.2% galactose it was 160 min (15) . Growth on glucose was restored at the same time. Most strains also became sensitive to 2-deoxygalactose, a toxic analog of galactose that is transported via the galactose permease (10) . This suggested a possible involvement of the galactose permease, since it was shown previously that constitutive expression of galactose permease as a consequence of a galR or gaiC mutation allows ptsHI deletion mutants to grow on glucose (16, 18 PP1430) . Direct transduction of a galP ptsHI strain (PP801) to galP+ galC (with phage P22 grown on a ptsHI galP+ gaiC strain) resulted in a strain, PP1429, that regained the ability to grow on trehalose. The low frequency of reversion might be due to the requirement for a second mutation to allow growth on trehalose, most likely a crp* mutation, which facilitates growth of ptsHI deletion strains on substrates that require cAMP for gene expression (19) . A similar double mutant has been described before (16) . The Tre+ revertants of PP801 regained the ability to grow on maltose, melibiose, and glycerol, non-PTS carbon sources that do not support the growth of a ptsHI deletion strain.
The role of galactose permease in trehalose transport could also be demonstrated in pts+ strains. Introduction of a ptsM mutation (linked to a TnJO insertion) by P22 transduction in a recipient containing an inducible galactose permease and selecting for tetracycline resistance resulted in 40% Tre+ and 60% Tre-transductants. A similar transduction with a galC or galR strain (e.g., PP1439 galCJ891) as the recipient yielded only Tre+ transductants (50 of 50).
In a rare case we found Tre+ (and Glc+ at the same time) revertants of PP800 and PP801 (both containing deletions in ptsHl) that remained resistant to 2-deoxygalactose (e.g., PP1436), suggesting that these revertants did not acquire a constitutive galactose permease. We have not investigated these mutants in more detail, but they might represent strains in which the 11G1c (or IlMan) has been altered so that substrates can be transported in the absence of PTSmediated phosphorylation. Introduction of a ptsM mutation in PP1436 did not affect growth on trehalose, but insertion of a ptsG::TnJO mutation eliminated growth on trehalose (and (13) .
From these results we conclude that growth on and transport of trehalose can occur via the galactose permease in the complete absence of phosphorylation by the PTS enzymes I and HPr if the galactose permease is expressed constitutively.
Trehalose phosphorylation and trehalase activity. To explain how ptsHI deletion strains which contain a constitutive galactose permease were able to grow on trehalose in the absence of phosphorylation of trehalase via the PTS, we investigated whether subsequent metabolism of intracellular trehalose involved trehalose activity. Table 4 shows that such a trehalose-splitting activity was detected in SB3507. This trehalase activity was furthermore induced by growth in the presence of trehalose. The Tre-mutant PP1364 lacked trehalase activity (Table 4 ). The trehalase activity in wildtype strains was inhibited by more than 90% by toluene (4 RI/ml of cell suspension). Marechal (9) also reported a trehalase activity in S. typhimurium, but in that case the activity was the same in glucose-, glycerol-, and trehalosegrown cells.
The induction of trehalase activity by growth in the presence of trehalose was paralleled by the induction of trehalose oxidation by intact cells (14C-labeled trehalose unfortunately is not available commercially anymore). Whereas glycerol-grown SB3507 cells oxidized trehalose at a rate of 6 nanoatoms of oxygen per min per mg (dry weight) (at 25°C), for trehalose-grown cells this rate was 36 nanoatoms per min per mg. For comparison, glucose is oxidized at a rate of 150 to 200 nanoatoms of oxygen per min per mg. The apparent affinity constant for trehalose was 0.4 mM.
In toluenized cells, no trehalose PTS activity could be detected, in contrast to results reported by Marechal (9) . However, Marechal (9) reported a rate of trehalose phosphorylation that was quite low, about 4 nmol/min per mg (at 37°C). Whereas toluenized PP799 cells phosphorylated glucose in a PEP-dependent reaction at a rate of 164 and 148 nmollmin per mg (dry weight) (as measured by the formation of pyruvate from PEP) when grown on glycerol and trehalose, respectively, no trehalose-dependent pyruvate formation could be detected in the same cells. Since trehalase activity had been detected, PEP-dependent phosphorylation of glucose which derived from trehalose was expected, even if no trehalose PTS activity existed. The sensitivity of trehalase to toluene might explain this result. Table 4 shows that 4 RI of toluene per ml, as used for permeabilizing cells, inhibited trehalase activity by more than 90%.
In another experiment we measured in cell extracts the formation of glucose 6-phosphate from trehalose and PEP. If trehalose was phosphorylated via the PTS, the subsequent action of trehalose 6-phosphate hydrolase (9) should yield glucose 6-phosphate. Although we found appreciable activity in trehalose-grown cells (8.9 and 1.1 nmol of glucose 6-phosphate formed per min per mg of protein in trehaloseand glycerol-grown cells [PP1374], respectively), one cannot exclude that this was due to trehalase activity and subsequent glucose phosphorylation via glucokinase.
Final conclusions. Trehalose can be transported in at least two different ways in S. typhimurium, via IIMan of the PTS and via the galactose permease, if the latter transport system is synthesized constitutively. Interestingly, we thus have found yet another substrate that can be recognized by both these transport systems. We pointed out on an earlier occasion that both systems show broad substrate specificity and that all substrates of IlMan seem to be at the same time substrates for the galactose permease (17) . These substrates include glucose, mannose, fructose, 2-deoxyglucose, galactose, 2-deoxygalactose, and fucose. Now trehalose can be added to this list. The broad specificity differs strongly from the narrow specificity of the complementary glucose and galactose systems, IjGIc/IIjG1c and the galactose-binding protein system, respectively.
It is still not clear whether transport of trehalose via 11Man requires phosphorylation via enzyme I and HPr. Although Marechal (9) detected low, PEP-dependent trehalose phosphorylation, we could not find any phosphorylation in toluenized cells. Enzymes II are in general unable to catalyze the uptake of PTS carbohydrates in the absence of concomitant phosphorylation (16) , but some exceptions have been noted (for a discussion, see reference 14) . Possibly, trehalose is such an exception and is transported via 1IMan like galactose, i.e., in the absence of phosphorylation (11) . Since ptsM mutants are unable to grow on trehalose, there is no need to postulate a specific 11Tre
